Abstract
Introduction
Power systems are very complex due to their interconnected structure. There may exist local, small scale problems in power systems as well as disruptive, system wide problems. System transients, inter-area oscillations and voltage collapses may be considered as examples of large scale problems. Flexible AC Transmission System (FACTS) controllers are developed and being utilized for a fast and flexible control to deal with those problems. With the advances in power electronics, voltage source inverter (VSI) based FACTS devices have shown better performance than other control devices. Primary VSI based controllers include shunt connected Static Synchronous Compensator (STATCOM), Static Synchronous Series Compensator (SSSC), and Unified Power Flow Controller (UPFC).
Many studies have been carried out on modeling and control schemes of FACTS controllers. Voltage regulation and rotor angle stability have been studied based on various critical clearing time and loading conditions [1] [2] [3] [4] [5] . Design and nonlinear coordinate controller for a STATCOM installed in infinite bus power system, and it shows that the proposed controller provides not only a coordinated control of ac-dc bus voltage but also good damping under transient conditions [6] . STATCOM modeling for voltage and angle stability studies has been given in [7] . The effect of control mode of SSSC, one of the inverter based FACTS, has been investigated in [8] and shown that SSSC operated in the permanent reactance control results in higher power oscillation damping, and synchronizing power limit than constant voltage mode. Similar results were obtained in [9] [10] in which the optimal control schemes are presented for dynamic series compensation and voltage regulation. It has been shown that SSSC is effective in improving rotor angle stability in infinite bus system and multi machine power systems [11] . Some of the studies dealing with series and shunt connected FACTS devices together are as follows: Dynamic operation of STATCOM and SSSC under various load excursions have been investigated in [12] [13] . They are employed in analyzing steady-state and transient stability in an infinite bus system. While STATCOM provides voltage support, depending on the SSSC operation of control mode, they both are good at damping oscillations [14] [15] [16] [17] [18] [19] . Application of STATCOM and SSSC on damping inter area oscillations are shown [20] . Optimal locations of various FACTS devices have been determined by using trajectory sensitivity analysis (TSA) [21] . A method is proposed to evaluate first swing stability of a large power system in the presence of FACTS [22] . A 20 machine system has been tested by observing machine angles and active reactive power changes. Another study conducted shows the impact of various FACTS devices on improving angle stability in the case of local and inter area oscillations [23] .
This study examines the impact of multiple FACTS devices on a large power system. After a brief introduction of modeling of a multi-machine power system with FACTS devices, a procedure for transient stability analysis of a system with multiple FACTS devices is given. A multi-machine 22 bus system is used for this purpose. Various responses of the system against a three phase fault are analyzed and compared for cases with no device, single device and multi devices. The simulation studies show that the presence of multiple 113 STATCOM provides more damping for oscillations than multiple SSSC.
Modelling of multimachine power system
Before adding controllers to the system, machine, buspower system is modeled where machines are represented by a conventional model. The swing equations are shown as follows ( = + 1, + ) [24] .
The power flow equations are given depending on algebraic equations ( = 1 … … … ); 
Modelling of multiple STATCOM and SSSC
As shown in Figure 1 , the STATCOM is connected in parallel with Bus i, while the SSSC is connected in series between Bus i and Bus j. They both consist of a voltage source converter connected by a coupling transformer to the system, therefore modelled as a controllable voltage source series with a leakage reactance excluding ohmic losses. By adjusting voltage, the reactive power can be controlled. The expressions for the current, reactive power injection, voltage and DC link voltage are given as, The active power equations with STATCOM connected to bus i can be given below:
Where active power ( ) and reactive power ( ) are found to be:
Active and reactive power equations for SSSC can be stated as follows:
Dynamic equations for STATCOM and SSSC can be expressed as follows: 
where, 
As can be seen from the matrices, diagonal elements ( [28] . For the stability analysis, in synchronous generator the sixth order model is used. The equations can be written as, 
Analysis approach
The load flow analysis is required for transient stability analyses. The results of the load flow are important for making decision in applying fault and determining the location of the compensators. The following steps are considered in analyzing transient stability effects of the system with multi compensators. 
Simulation study
The simulation study of a real based multi generator has been shown in Figure 2 . In a real based multi generator 14 load buses and 7 generator buses take place [30] .
Owing to continuous power flow, while Bus 8 was determined as the lowest voltage, the lines between buses 5-7 and 9-17 buses 9-17 were determined as highest two voltage dips. A three phase fault occurs between the time period of 0.2s and 0.35s. Breakers are placed between buses 7 and 8. 
Simulation results
After the weakest bus is determined in the system, a three phase fault is created at that bus. The variation of angle, angular speed, active-reactive power of generators and load bus voltages are shown in Figure 3 and Figure 4 , when there is no compensator connected to the system.
As can be seen from those figures, angular speed of some machines show unstable behavior without any controller. Bus voltages are not recovered after the fault is cleared. In order to recover the stability of the system, first single STATCOM and SSSC later, multi STATCOM and SSSC are integrated into the system as explained before. Results obtained from analyses of the system with single vs. multiple STATCOM and SSSC are given in Figure 3 to Figure12, The following remarks can be drawn from the simulation results shown in Figure 5 to Figure 12 .
1. Adding single compensators into the system can make the system more stable, 2. Oscillations in angular speed, angle and power variations are damped in the system with single STATCOM and SSSC, 3. A 100 MVA SSSC can improve the system stability, but its response is late when compared to a single STATCOM case, 4. Multi STATCOM case is more effective than the multi SSSC case in angle stability and in damping active power oscillations, 5. Having multi compensator integrated into the system has resulted in stability in a shorter time.
Generator angular speed and bus voltage without STATCOM were stabilized in nearly 5 seconds and 3.4 seconds after 3 phase fault, respectively. Generator angular speed and bus voltage with STATCOM were stabilized in nearly 3.1 seconds and 3 seconds after 3 phase fault, respectively. Generator angular speed and bus voltage with multi-STATCOM were stabilized in nearly 2.6 seconds and 1 second after 3 phase fault, respectively. Generator angular speed and bus voltage without SSSC were stabilized in nearly 5 seconds and 3.4 seconds after 3 phase fault, respectively.
Generator angular speed and bus voltage with SSSC were stabilized in nearly 3.2 seconds and 2.2 seconds after 3 phase fault, respectively. Generator angular speed and bus voltage with multi-SSSC were stabilized in nearly 2.9 seconds and 1.5 seconds after 3 phase fault, respectively.
While time responses of the variables are shown in Table 1 , System parameter values are shown in Table 2 . When there is no compensator in the system, the system reaches the stable mode in a long period of time depending on the excitation control of the machines. The best time response is achieved with the multiple STATCOM case. 
Conclusion
This study aims to examine the effect of multiple controllers on transient stability of a multi machine power system. Shunt and series controllers are connected to a real based 7 machine-22 bus system. A procedure for locating shunt and series compensators is explored in this study. Effects of those controllers on the system parameters are observed under transient conditions. System parameters are selected to be generator angular speed and bus voltages. While some machines in the system show unstable behavior with no compensator, the system stability is maintained with controllers' action. Oscillations are damped with the use of single STATCOM and SSSC easily, but it is achieved in a longer time of period causing unreliable energy usage. The utilization of multi compensators is, however, more effective in making the system stable in a shorter time. Another conclusion drawn from this study is that the system with multi STATCOM shows better time response than the system with multi SSSC in damping oscillations.
